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Abstract 
A laser SQUID microscope is one of the semiconductor inspection tools. The main feature of this microscope is 
noncontact detection of the defects. In the previous work, we showed that it could clearly reveal the electrically 
inactive grain boundaries [1]. In this work, for the further understanding of the imaging mechanism, we investigated a 
piece of a polycrystalline silicon solar cell as a model sample, which was cut without including the top electrodes. In 
the magnetic images taken by the laser SQUID microscope, the contrast change was recognized at the grain 
boundaries similarly to the previous results. The detected distributions of the magnetic field over the whole sample 
were drastically changed depending on the relative position between the needle probe and the laser spot. We also 
scanned the needle over the sample with the laser spot fixed on a certain sample position by optical fiber in order to 
estimate the photocurrent path from the laser spot. These magnetic images imply that the photocurrent induced by 
laser irradiation did not flow simply. We found that the laser SQUID microscope images were affected by the 
complicated factors. 
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1. Introduction 
When the laser beam is locally focused on the semiconducting sample, electron-hole pairs are 
generated locally. If these carriers are anisotropically diffused due to the p-n junctions or other factors, a 
net photocurrent flows and induces magnetic field. In a laser SQUID (Superconducting QUantum 
Interference Device) microscope, the local magnetic field distributions are detected by a SQUID. The 
laser SQUID microscope is expected to be a useful tool to inspect semiconductor devices. 
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Fig. 1. Optical microscope image of the 
polycrystalline solar cell sample.  
In a regular laser SQUID microscope, both of the laser and the SQUID are scanned together while the 
positional relationship between the laser spot and the SQUID was fixed. The magnetic images represent 
the photocurrent response at the sample position on which the laser was locally focused. In other words, 
the laser SQUID microscope can image the local distribution of the electrical property. The resolution was 
limited by the laser spot size. The photocurrent direction was estimated from the measurements by an off-
axis arranged SQUID [2, 3]. However, the current estimation was based on a simple model assumed that 
the photocurrent should be distributed uniformly from the laser spot. It was difficult to discuss the 
photocurrent path in detail. On the other hand, another imaging method with the laser SQUID microscope 
was proposed, in which only the SQUID was scanned with the laser spot fixed to the sample [4]. The 
magnetic images represent the distributions of magnetic field generated by photocurrent diffusing from a 
particular sample position corresponding to the laser spot. The spatial resolution was limited by the 
performance as the SQUID microscope, mainly related with the SQUID size and the distance from the 
sample surface. By using a conversion technique from magnetic field to current [5], the photocurrent 
distribution in the sample can be estimated from each magnetic image obtained by this method. This scan 
method is called the Mode-II scan whereas the regular scan method is called the Mode-I scan below.  
A solar cell is one of the promising targets for utilizing the potential of laser SQUID microscope 
inspection. The solar cell inspection with laser SQUID microscope was firstly reported on the horizontal 
magnetic field measurements [6]. In this report, the homemade solar cell showed the magnetic signal in 
the vicinity of electrically active grain boundaries. Kojima et al. investigated the dependence of 
wavelength on the signal [7]. We reported the results of solar cell inspection with high resolution [8]. We 
also compared the laser SQUID microscope with LBIC (Laser Beam Induced Current) technique for the 
first time, and found that the magnetic images of some samples taken by the laser SQUID microscope 
were very similar to the LBIC images [1]. In this work, for the further understanding of the imaging 
mechanism, we investigated a piece of a polycrystalline silicon solar cell by the Mode-I and the Mode-II 
scans as mentioned above.  
2. Sample and experimental setup common in laser 
SQUID microscope 
A polycrystalline solar cell was used as a sample. In 
order to eliminate the effect of top electrodes, the sample 
was cut from a solar cell into a small piece without the top 
electrode. Figure 1 shows the optical microscope image of 
the sample. There were several grain boundaries in it. The 
backside was fully covered with a metal electrode. The size 
was 5 mm×10 mm, and the thickness was 0.2 mm.  
In the laser SQUID microscope, the scanning and the magnetic signal acquisition systems were 
common between the Mode-I and the Mode-II scans (referring to Fig. 2(b) and Fig. 5(b)). The stage has 
precise three-axis positioning system in order to adjust the sample tilt, rotation and height. The sample 
was raster-scanned by a xy-scanner (CTU50F/40FAE079, Nippon Thompson). The counter output from 
the scanner linked with one pixel motion was used for the trigger of the signal sampling. A needle was 
located over the sample of which backside was turned up, magnetically coupled between our homemade 
SQUID and a sample. The distance between the sample surface and the needle tip was set at 0.32 mm. 
The detail of the needle shape and the SQUID were described in elsewhere [1]. The SQUID was operated 
with a FLL (Flux Locked Loop) circuit (PFL-100, STAR Cryoelectronics) and its interface (PCI-1000, 
STAR Cryoelectronics). The system noise level was 0.6 pT/Hz1/2 at 1 kHz. To detect the week magnetic 
signal and to reduce the influence of magnetic background, the laser beam from a semiconductor laser 
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Fig. 2. Schematic diagram of (a) the scanning concept and (b) the setup for the Mode-I scan. In this mode, the relative position 
between the laser spot and the needle were constant during the scanning. 
(AlGaAs, Sigma Koki) was chopped by a chopper wheel (5584A, NF Corp.) operating at 1 kHz. The 
wavelength of the laser beam was 780 nm. The modulated output from the SQUID was detected by using 
a digital lock-in amplifier (LI5640, NF Corp.). The TTL signal from the chopper controller was used as a 
reference signal of the lock-in amplifier. The amplitude (R) and phase (θ) output voltages of the lock-in 
amplifier were recorded through a DAQ (NI USB-6353, National Instruments). In order to improve the 
signal to noise ratio, the time constant was set at longer value as compared with the scan speed although 
the response of the signal detection was sacrificed due to the limited measurement time. The time 
constant and the sensitivity of the lock-in amplifier were 30 ms and from 50 to 100 mV, respectively. 
Therefore, after the acquisition of the image, the image was deconvoluted to the true image taking into 
account the response function of the lock-in amplifier. The raw SQUID signal was also monitored 
through the DAQ in order to keep the FLL locked. As soon as the FLL was found unlocked, the scan was 
suspended, and a reset signal was send from the DAQ to the FLL controller. After the FLL was judged to 
be back to normal, the scan was restarted from the stop point. All the measurement system was controlled 
by PC with handmade programs written in LabVIEW 2009 (National Instruments). 
3. Magnetic images taken by Mode-I scan 
Figures 2(a) and (b) show schematic diagrams of the scanning concept and the setup for the Mode-I 
scan, respectively. Both the laser and the needle were scanned together over the sample in a raster pattern. 
In practice, as seen in the Fig. 2(b), only the sample was scanned with the laser optics and the needle 
fixed. The scan speed was 3 mm/sec along x-axis. The sampling interval (distance between x-pixels) and 
the line scan interval (distance between y-pixels) were set at 2.5 μm and 10 μm, respectively. The scan 
area was 11.85 mm × 5.11 mm. The total measurement time was 50 minutes. The sample was set on the 
acrylic sample holder with a hole through which the sample front side was irradiated with laser beam 
focused by an objective lens (M Plan Apo NIR 10×, Mitutoyo). The power amplitude of the laser beam 
modulated by the chopper was 1.9 mWp-p. The CCD camera (BS-41L, Bitran) and lamp were used just for 
check of the laser position. The lamp was turned off during the scanning. 
Figure 3 shows the magnetic images taken by the Mode-I scan. The relative position of the needle 
from the laser spot was laterally shifted by ±2.1 mm along x or y direction. Four images were obtained 
corresponding to each direction. Especially in Fig. 3(c), a grain boundary can be clearly recognized at the 
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Fig. 3. Magnetic images of a solar cell without top electrode taken by the Mode-I scan. The relative position of the needle from 
the laser spot was shifted by 2.1 mm to (a) +y, (b) –x, (c) +x and (d) –y directions. The images were drastically changed 
depending on the needle position. (e) Magnetic field relationship around the laser spot, reconstructed from the points marked by 
circles in (a) to (d), by considering the relative position between the needle and the laser spot for each case. 
 
Fig. 4. Typical current element models and their magnetic field calculation results for (a) a current element isotropically diffused 
from the laser spot, (b) a straight current element across the laser spot, (c) a current element flowing to one side from the laser 
spot, (d) a current element with the quarter circle path from the laser spot, and (e) a current element with semicircular shape 
from the laser spot. The points marked by circles correspond to the same relative positions in Fig. 3(e). Red dots mean the laser 
irradiation spots. 
left lower side as the dark lines where the magnetic intensity was decreased. In addition, these images 
show the large magnetic field distribution with low spatial frequency component. 
For example, if the photocurrent flows straight and uniformly, the image taken with the needle shifted 
to +x direction should be opposite in polarity to that with the needle shifted to –x direction. However, Fig. 
2(b) and (c) have no relationships. The same can be said for the images taken with the needle shifted to ±y 
directions. The results imply that photocurrent in this solar cell did not flowed simply. For the 
understanding of the contrast origin in laser SQUID microscope images, it is important to consider not 
only the simple current element, but also various current element types. Therefore, on the assumption of 
five typical models of current element path, we numerically calculated these magnetic fields by using 
Biot Savart’s law. We locally matched the experimental results to the most similar model. Figure 4 shows 
the photocurrent models and their calculation results of magnetic field. The isotropic photocurrent 
diffused from the laser spot makes no magnetic field as shown in Fig.4 (a). There were some sample areas 
where the magnetic field was nearly zero in all images in Fig. 3. At these areas, the photocurrent should 
be isotropically diffused from the laser spot. Figure 4 (b) is the calculation result of magnetic field from a 
straight current element at the center of which the laser spot is located. The absolute intensity distribution 
of this magnetic field has rotation symmetry. In Fig. 3, there is no such area within the observable 
magnetic field. Figure 4(c) to (d) show the results of magnetic field from anisotropic current elements 
having different paths. The absolute intensity distributions of magnetic field increasingly become 
asymmetric from Fig. 4(c) to (d). Even from the four images taken by the Mode-I scan, the photocurrent 
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Fig. 5. Schematic diagram of (a) scanning concept and (b) the setup for the Mode-II scan. The sample was irradiated by the laser 
beam from the optical fiber fixed on the sample. 
path can be roughly analyzed. For example, from the data extracted at the same sample points marked by 
circles in Fig. 3(a) to (d), we were able to reconstruct the magnetic field relationship around the laser spot 
as shown in Fig. 3(e). At this point, the magnetic field distribution was found to be asymmetry because 
the result in Fig. 3(e) was similar to the relationship of the four circled points in Fig. 4(e), by comparing 
the same relative positions. Therefore, the photocurrent path originating from the laser irradiation on this 
point was estimated to be semicircular. 
4. Magnetic images taken by Mode-II scan 
From the analysis on the Mode-I measurements, the photocurrent path was assumed to be semicircular 
when the laser spot was focused on the point indicated by circles in Fig. 3. In order to confirm this 
analysis, we measured the magnetic image corresponding to the photocurrent distribution around the laser 
spot by the Mode-II scan. Then we converted the magnetic images to the current images, and compared 
the converted current image from the Mode-II scan with the analysis on the Mode-I result.  
Figure 5(a) shows the schematic diagram of the scanning concept in the Mode-II scan. Only the needle 
was scanned over the sample with the laser spot fixed at a certain sample point. The configuration 
difference between the Mode-I and the Mode-II scan was the laser optics system. In the Mode-II scan, as 
seen in the Fig. 5(b), the laser beam was introduced to one end of the optical fiber made of a plastic with 
0.25 mm diameter by an objective lens (M plan 20/0.35, Nikon), and another end was coupled to the 
sample through one of the periodic holes in acrylic sample holder. As the result of this configuration, the 
magnetic distribution against the local laser irradiation was measured while the sample and the optical 
fiber were scanned together. The scan speed, the data sampling intervals (distances between x-pixels or y-
pixels) and the scanning area were set at 5 mm/sec, 50 μm and 20 × 20 mm2, respectively. The power 
amplitude of the modulated laser was decreased to 1 mWp-p compared with the direct irradiation because 
of the coupling loss. The optical microscope was used to check the sample position. We obtained the 
current image by employing the same procedure as the previous report [5]. In addition, we numerically 
converted the current image from the magnetic image by using our original inverse function. 
Figure 6(a) shows the magnetic image when the laser spot was fixed at the position marked with the 
black dot. The image shows rotational asymmetry. The image feature was similar to Fig. 4(e). Figure 6(b) 
shows the photocurrent image converted from Fig. 6(a). It shows that the photocurrent path was not 
straight from the laser spot, but similar to Fig. 4(e). It is consistent with the analysis on the Mode-I result. 
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Fig. 6. (a) Magnetic image taken by Mode-II scan. (b) Photocurrent image converted from (a).The arrows show the current 
directions. The laser spot was marked with black dot. The sample outline was also illustrated over the images. 
5. Conclusions 
A solar cell without top electrode was investigated by the Mode-I and the Mode-II scans in the laser 
SQUID microscope. From the Mode-I measurements, we obtained magnetic field images changing the 
relative positions between the needle and the laser spot. We observed electrically inactive grain 
boundaries as the lines where the magnetic field intensity was decreased. From these images, we found 
that there were some areas where the photocurrent was diffused isotropically from the laser spot. On 
almost all areas, however, the photocurrent was diffused anisotropically. For the further analysis, we 
modeled the typical current element paths, and calculated these magnetic fields. Comparing the 
calculation results with the reconstructed magnetic field relationship from the magnetic images obtained 
by the Mode-I scan with off-axis arrangements, the photocurrent path was assumed to be semicircular at 
the specific irradiation point as one example. In order to clarify this photocurrent path, we also measured 
the distribution of magnetic field at the same laser spot by the Mode-II scan. Then, we estimated the 
photocurrent images, converted from the magnetic images. The photocurrent estimation was consistent 
with the assumption resulted from the Mode-I measurements. From the analysis, it proved that the laser 
SQUID microscope images taken by the Mode-I scan were affected by the various complicated factors 
such as the photocurrent density, the carrier diffusion path and the sample shape.  
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